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ABSTRACT We have identified the human papillomavi-
rus (HPV) DNA replication initiation protein E1 as a tight-
binding substrate of cyclin E/cyclin-dependent kinase (Cdk)
complexes by using expression cloning. E1, a DNA helicase,
collaborates with the HPV E2 protein in ori-dependent rep-
lication. E1 formed complexes with cyclin E in insect and
mammalian cells, independent of Cdks and E2. Additional
cyclins, including A-, B-, and F-type (but not D-type), inter-
acted with the E1/E2 complex, and A- and E-type cyclin
kinases were capable of phosphorylating E1 and E2 in vitro.
Association with cyclins and efficient phosphorylation of E1
required the presence of a cyclin interaction motif (the RXL
motif). E1 lacking the RXL motif displayed defects in E2-
dependent HPV ori replication ir vivo. Consistent with a role
for Cdk-mediated phosphorylation in E1 function, an E1
protein lacking all four candidate Cdk phosphorylation sites
still associated with E2 and cyclin E but was impaired in HPV
replication ir vitro and in vivo. Our data reveal a link between
cyclin/Cdk function and activation of HPV DNA replication
through targeting of Cdk complexes to the E1 replication-
initiation protein and suggest a functional role for E1 phos-
phorylation by Cdks. The use of cyclin-binding RXL motifs is
now emerging as a major mechanism by which cyclins are
targeted to key substrates.

Cell cycle transitions are coordinated in large part through the
action of a family of cyclin-dependent kinases (Cdks), enzymes
composed of a catalytic Cdk subunit, and a regulatory cyclin
subunit (1). Much of what we know concerning Cdk action in
the G;/S transition comes from analysis of the Rb/E2F
pathway, which has led to the identification of Rb, p107, p130,
E2F-1, and DP-1 as Cdk substrates (1, 2). Phosphorylation of
these proteins typically is linked with formation of tight
complexes between the kinase and the substrate, most fre-
quently through a motif in the substrate (the RXL motif) that
interacts with the cyclin box. The RXL motif forms the basis
for interaction of the p21 family of Cdk inhibitors with cyclins
(3-6) and is important for Cdk-mediated phosphorylation of
p107 (6, 7), E2F-1 (6, 8, 9), and Rb (10). Cyclin E/Cdk2 is a
key regulator of S-phase initiation. Removal of cyclin E/Cdk2
activity from Xenopus egg replication systems (reviewed in ref.
11) or mammalian cells (12) blocks S-phase entry, and in
Xenopus, this blockade can be overcome by addition of cyclin
E/Cdk2. Conversely, ectopic expression of cyclin E can initiate
replication independent of Rb inactivation in mammalian cells
and in Drosophila (ref. 13, and reviewed in ref. 2). However,
targets of this kinase in the preinitiation complex are un-
known. We and others (14) have taken advantage of the tight
association of cyclins with their substrates to identify cyclin
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E/Cdk-binding proteins and substrates via expression cloning
techniques. Here we report the identification of human pap-
illomavirus (HPV) replication-initiation protein E1 as a tight-
binding substrate of cyclin/Cdk complexes.

Papillomavirus origin-dependent replication requires the
viral E1 and E2 proteins as well as host replication proteins (15,
16). E2 is the primary ori recognition protein; it interacts with
El, thereby increasing the specificity of the E1-ori interaction
(17-22). E2 also functions in preinitiation complex assembly
but is not required during the elongation phase (23). In
contrast, E1, the initiation helicase, interacts with Hsp40 (24)
and DNA polymerase a (25-27) and is required throughout
elongation (23). We show that HPV E1 binds cyclin/Cdk
complexes via an RXL motif and that E1 interaction with and
phosphorylation by cyclin/Cdk complexes is required for
efficient E2- and ori-dependent replication in vivo. The iden-
tification of functional interactions between Cdks and repli-
cation proteins from HPV provides a vehicle to investigate the
role of cyclin/Cdk complexes in initiation of DNA replication.

MATERIALS AND METHODS

Expression Cloning. Immobilized Glutathione S-Trans-
ferase (GST)-cyclin E/Cdk complexes (30 ug) (28) were
radiolabeled by autophosphorylation using 0.3 mCi of
[v-*P]ATP and eluted in 40 mM glutathione (GSH), 0.1 M
Tris"HCI (pH 8), 0.1 M NaCl (~5 X 107 cpm/ug). Complexes
were used to probe a AGEXS5-HA HeLa cell cDNA library
(1.5 X 10* plaques per 150 mm plate) (29). Filters were blocked
with 5% dry milk and rinsed in binding buffer (20 mM Tris-HCI
(pH7.5)/50 mM NaCl/10 mM MgCl,/1 mM glycerol 2-phos-
phate/1 mM DTT/0.2 mM phenylmethylsulfonyl fluoride/
0.1% Tween 20) before incubation with the probe (1-2 X 10°
cpm/ml, 23°C, 1-3 h). Washed filters were subjected to
autoradiography. Phage were plaque purified, and cDNAs
were sequenced after recovery from A DNA (29).

Protein Interactions and Kinase Assays. Baculoviruses for
HPV-11 E2, Glu-Glu (EE)-tagged E1, and cyclin/Cdks as well
as plasmids for expression of E2, El, cyclin E, and Cdk2 in
mammalian cells were from previous studies (13, 18-20).
Mutations in E1 were introduced by using a GeneEditor kit
(Promega). Viruses expressing EE-E14RA and EE-E14Cdk
were generated by using Fastbac (Gibco/BRL). Proteins pro-
duced in insect cells (28) were purified by using either 2 ug of
anti-EE antibody (Babco, Richmond, CA) bound to protein
A-Sepharose or by using GSH-Sepharose. Washed complexes
were subjected to SDS/PAGE and immunoblotting by using
the indicated antibodies or were used for kinase assays (28).
COS-1 cell transfection was performed by using FuGene6-

Abbreviations: Cdk, cyclin-dependent kinase; HPV, human papillo-
mavirus; GST, glutathione S-transferase; EE, Glu-Glu epitope; GSH,
tgwlutathione.
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mediated lipofection (Boehringer Mannheim). Cell lysates
were made at 48 h and used for immunoprecipitation with
anti-Cdk2 (M2), anti-cyclin E (C-19) (Santa Cruz Biotechnol-
ogy), or anti-E1 (18). Immune complexes were immunoblotted
with the indicated antibodies.

Replication Assays. HPV-ori-dependent replication assays
were performed by using 293 cells 48 h after transfection with
5 pg of pMT2-E2, 0.5 pg of HPV-11 ori plasmid, and E1
expression plasmids (18, 20). Southern blots to detect repli-
cated ori plasmids were quantified on a PhosphorImager
(Molecular Dynamics). Cell-free HPV replication assays (19,
23) employed HPV-11 ori plasmid (40 ng), E2 protein (8 ng),
and EE-E1 proteins from insect cells (19) or Escherichia coli
(J.-S. Liu, S.-R. Kuo, T.R. Broker, and L.T.C., unpublished
results) and 293 cell extracts (100 pg).

RESULTS

HPYV E1 Is Identified as a Cyclin E-Interacting Protein by
Expression Cloning. To identify cyclin E/Cdk-interacting pro-
teins, we screened a HeLa cell cDNA library with radiolabeled
cyclin E/Cdk2 and cyclin E/Cdk3 complexes. Both of these
complexes have been shown to activate replication when
injected into quiescent human fibroblasts (30), suggesting that
they can interact with relevant substrates. From 1 X 10°
plaques screened with cyclin E/Cdk3, 156 positive plaques
were obtained. Thirty-six putative clones were obtained from
0.25 X 10° plaques screened with cyclin E/Cdk2. Sequence
analysis of 152 cDNAs revealed several known Cdk-interacting
proteins, including Cksl1 (5 isolates), NPAT (2 isolates) (14),
and PRC1 (9 isolates) (29), as well as several other genes. The
most abundant gene identified (44 isolates) was the E1 protein
from HPV-18. Although HeLa cells contain integrated
HPV-18 DNA (31), expression of E1 has not been reported.
Here, we report a functional and biochemical analysis of the
interaction of E1 with cyclins. In subsequent experiments, we
used HPV-11 E1 and E2 proteins because these have been
characterized in great detail (18-20, 23, 24).

E1 and E1/E2 Associate with Cyclin E Independent of Cdk2.
To verify the interaction of cyclin E with E1 and to examine
whether the E1/E2 interaction is influenced by cyclin E
binding, various combinations of viruses expressing GST—
cyclin E, Cdk2, EE-E1, and E2 were coinfected into insect cells
and cyclin E-containing complexes analyzed by using SDS/
PAGE (Fig. 1a). Cyclin E associated with E1 and the E1/E2
complex independent of Cdk2 (Fig. 1a, lanes 4, 6, 8, 9) but did
not bind E2 directly (Fig. 1a, lane 10). In control experiments,
neither E1 or E2 associated with GST alone (data not shown),
GST-p21¢™P! (Fig. 2a), or GSH-Sepharose in the absence of
cyclin E (Fig. 1a, lanes 2 and 3). Analogous complexes could
also be assembled by mixing the same lysates containing E1
alone or E1/E2 with lysates containing GST-cyclin E (Fig. 1a,
lanes 11-14) or with in vitro translation products (data not
shown), suggesting that the interaction can occur in vitro. Thus,
the E1/cyclin E interaction appears to be direct, whereas the
E2/cyclinE interaction is mediated by E1. Association of E1
with cyclin E/Cdk2 complexes also was observed in COS-1
cells transiently expressing E1, cyclin E, and Cdk2 (Fig. 10).
Anti-E1 antibodies precipitated E1 complexes containing cy-
clin E (Fig. 1b Left) whereas anti-cyclin E and anti-Cdk2
antibodies precipitated E1 (Fig. 1b Center). As observed
previously (12), cyclin E is expressed as two major forms at 50
and 40 kDa (Fig. 1b). Thus, cyclin E/Cdk complexes can
associate with E1 in multiple settings.

Multiple Cyclin/Cdk Complexes Associate with and Phos-
phorylate E1/E2 Complexes. To examine the specificity of the
El-cyclin interaction, in vitro binding reactions were per-
formed by incubating lysates containing E1/E2 complexes
with various cyclin/Cdk complexes immobilized on GSH-
Sepharose. Similar quantities of proteins were used as assessed

Proc. Natl. Acad. Sci. USA 96 (1999) 383

4 in vitro
Baculovirus co-infection mixing
EE-El ++ + 0+ 4+ 4+ +  +
E2 + + + + + + +
Gst-CyE + 4+ ++++ 4+ TF+++
Cdk2 + + + 4+ + + + +
EE-E1- — —
Gst-CyE - %-Jq A
E2- i s
Cdk2 - — = :==‘f—'
12345678910 11121314
GSH-Sepharose
b
pMT2-E1* -+ + - -+ 4+ - -+ + -
pCMV-CyE - - + + - -4 4 - - 4+ &+
pCMV-Cdk2 - - + + - - + + - - + %
«El UNEE BElL == .B
- \ v E-w L S—
a-CyE . }CyE
IP:o-E1  IP:a-CyE oy Cdk2
kL i i ‘ ﬁ lysates
a-Cdk2 =
IP: o-Cdk2

Fi6. 1. Cyclin E interacts with HPV El. (a) Cdk-independent
interaction of E1 and E1/E2 complexes with cyclin E in insect cells.
Cells were infected with the indicated viruses and complexes were
analyzed by SDS/PAGE and Coomassie staining after purification
using GSH-Sepharose (lanes 1-10). Proteins were confirmed by
immunoblotting (data not shown). In lanes 11-14, lysates from cells
expressing E1, E2, or E1/E2 were mixed with cyclin E-containing
lysates before purification. (b) Association of cyclin E/Cdk2 and E1 in
COS-1 cells. Lysates from cells transfected with the indicated plasmids
(Right) were subjected to immunoprecipitation and immunoblotting by
using the indicated antibodies (Left and Center). Quantities of plasmids
were: pMT2-E1%, 10 ug; pCMV-cyclin E, 1 ug; pCMV-Cdk2, 1 ug plus
empty pMT2 to maintain DNA levels.

with Western blotting, (Fig. 2a Lower) or Coomassie staining
(data not shown). Human A-, B-, E-, and F-type cyclins
efficiently associated with E1/E2 complexes (Fig. 2a, lanes
5-14), whereas neither GST-p21¢™! nor GST-Cdk4/cyclin
D1 did (Fig. 2a, lanes 1-4). The ratio of E1 to E2 in cyclin
complexes is comparable to that found with anti-E1 immune
complexes from these lysates (Fig. 2a, lanes 15 and 16),
indicating that association of cyclin with E1 does not disrupt
the interaction with E2. The interaction of E1/E2 with cyclin
F, whose kinase partner has not been identified, was Cdk-
independent.

E1 contains four conserved candidate Cdk-phosphorylation
sites at residues S%%, §%3, S197, and T*%8 (Fig. 3a), and E2 also
contains several candidate Cdk sites. To examine whether E1
or E2 are Cdk substrates, complexes were assembled as
described in Fig. 2a and after incubation with [y-3?P]ATP,
products were analyzed by using SDS/PAGE and autoradiog-
raphy. E1 and E2 are both efficiently phosphorylated by E- and
A-type Cdk complexes (Fig. 2b, lanes 10, 14, and 18). About
50% of E1 and E2 are phosphorylated to more slowly migrat-
ing forms by E- and A-type Cdk complexes (Fig. 2b, lanes 9 and
10, 13 and 14, and 17 and 18) and neither was released from
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FiG.2. Multiple cyclins associate with and phosphorylate E1 and E2 in vitro. (a) Purified cyclin/Cdk complexes or GST-p21 as a negative control
were immobilized on GSH-Sepharose beads and used in binding reactions with lysates containing EE-E1/E2 complexes or uninfected lysates as

indicated. Complexes were immunoblotted with antibodies against EE-E1,

E2, or GST (lanes 1-14). An anti-E1 immune complex (lanes 15 and

16) served to control for the EE-E1/E2 interaction. (b) EE-E1/E2/cyclin complexes prepared as described in @ were used in kinase assays. For

assays containing kinase and E1, mixtures were fractionated into EE-E1 bou
(*; lanes 3,7, 11, 15, 19, and 21) before SDS/PAGE and immunoblotting. Kin

nd complexes (lanes 2, 6, 10, 14, 18, and 20) and reaction supernatants
ase activity was visualized by autoradiography of the filter and proteins

identified by immunoblotting with anti-E1 and -E2 antibodies. The positions of phosphorylated EE-E1(>) and E2 (<) are indicated.

the kinase after phosphorylation (Fig. 2b, lanes 11, 15, 19). As
expected, cyclins also were phosphorylated in these reactions,
independent of E1 (Fig. 2b, lanes 10, 12, 14, 16, 18, and 20).
Low levels of a cyclin F-associated kinase activity copurify with
cyclin F in insect cells, and in this setting, E1 was weakly
phosphorylated (Fig. 2b, lane 22). Consistent with the finding
that cyclin D1/Cdk4 does not associate with E1, purified cyclin
D1/GST-Cdk4 was unable to phosphorylate E1 in the absence
of a prebinding step but readily phosphorylated Rb in parallel
assays and is inhibited by p21 (data not shown), suggesting that
its inability to associate with E1 (Fig. 2a) does not reflect gross
misfolding or an effect of the placement of the GST tag.
Although cyclin B/Cdc2 associated with E1/E2 complexes, it
phosphorylated E1 only weakly compared with cyclin E/Cdk2
(data not shown). These data indicate that a subset of cyclin/
Cdk complexes can associate with and phosphorylate E1 and
its associated E2 protein.

An RXL Motif in E1 Mediates Interaction with and Phos-
phorylation by Cyclin/Cdk Complexes. We found that El
proteins contain a conserved candidate RXL motif located in
the N terminus (residues 121-131) reminiscent of that found
in p21€™"! and other Cdk-interacting proteins (Fig. 3a). To
examine whether this motif functioned in cyclin recognition,
we mutated both R1?* and L!?6 to alanine to generate E14RA
and tested whether immobilized EE-E14RA like its wild-type
counterpart, could retrieve GST—-cyclin E from a lysate. As
shown in Fig. 3b, mutation of the RXL motif abolished the
interaction with cyclin E (compare lanes 1-5 with lanes 6-10)
but had no effect on association with E2 (Fig. 3d, lanes 2 and
4). We also prepared a mutation, E14¢¢ in which all four
candidate Cdk2 phosphorylations sites were replaced by ala-
nine (S®A-SPA-SI7A-T*8A). EE-E14¢dk stably associated
with both cyclin E (Fig. 3b, lanes 12-15) and E2 (Fig. 3d,
lane 6).

We then tested whether E1ARA could be phosphorylated by
cyclin E/Cdk2. EE-E1 or EE-E14RA proteins were incubated
with purified cyclin E/Cdk2 and [*P]ATP (Fig. 3c¢). As
expected, E1 was efficiently phosphorylated (Fig. 3c, lanes
1-4). In contrast, E1ARA was poorly phosphorylated (Fig. 3c,
lanes 5-8). At the highest level of kinase used, the extent of
phosphorylation was 12% that found with E1, whereas the
extent of cyclin E autophosphorylation was similar. As ex-
pected, EE-E12¢4 was not phosphorylated by cyclin E/Cdk2
(Fig. 3c, lanes 9-12). These data indicate that efficient phos-
phorylation of E1 by cyclin E/Cdk2 requires physical interac-

tion through the RXL motif whereas association of E1 with E2
requires neither the RXL motif or Cdk-dependent phosphor-
ylation.

We next asked whether cyclin E/Cdk2 bound to El1 or
E1/E2 could phosphorylate the exogenous substrate histone
H1 (Fig. 3e). Histone H1 was readily phosphorylated by cyclin
E/Cdk2 bound to E1 (lane 7) or E1/E2 (lane 8) complexes
(=30% activity compares with free cyclin E/Cdk2 measured in
parallel, lanes 9-12), and as expected, E1, E2, and cyclin E
became phosphorylated regardless of the presence of histone
H1 (Fig. 4, lanes 3, 4, 7, 8). This result is in stark contrast to
the situation with p107, which is an obligate substrate when
bound to cyclin A/Cdk2 (7). Although the E1/kinase complex
can phosphorylate histone H1 and E2, it would not be expected
to efficiently phosphorylate substrates such as p107 or Rb,
which like E1, depend on an interaction with cyclin through
their RXL-motifs for phosphorylation (6, 7).

The Cyclin-Binding Motif in E1 Is Required for Efficient
HPV Replication irn Vivo. We used an established transient
assay that measures replication of an HPV-11 ori-containing
plasmid to test whether the E1-cyclin interaction contributes
to replication. Replication of this plasmid depends on coex-
pression of E1 and E2 and produces replication products that
cannot be digested with the methylation-dependent restriction
enzyme Dpnl (18). With a given amount of E2 expression
plasmid, the extent of replication of this ori plasmid (as
determined by Dpnl-resistant products) depends on the level
of E1 protein. We introduced the ARA mutation into HPV-11
E1l and a more efficiently expressed, modified HPV-11 E1*
(20), both under control of an adenovirus major late promoter
(pMT2-E1 and pMT2-E1*, respectively). HPV-11 E1* derives
its 5’-untranslated sequence and two amino acids at the amino
terminus from HPV-16 El. It is translated more efficiently
than the HPV-11 El1 transcript and exhibits a 10- to 20-fold
higher replication activity (ref. 20; Fig. 4; and data not shown).

With low levels of expression, the replication activity of
E1ARA was reduced by 80% when compared with its wild-type
counterpart (Fig. 4a, compare lane 2 with 4). The activity of
E14ARA was reduced to 20% of that of wild-type E1 in the
context of the high expressing pMT2-E1* constructs (Fig. 4D).
The absence of E1 and E2 plasmids in samples treated with
Dpnl provided a control for complete digestion of the trans-
fected plasmids. The levels of E1 proteins were comparable as
determined by immunoblotting of cell lysates (Fig. 4c). Thus,
efficient replication of HPV ori plasmids requires an intact



Biochemistry: Ma et al.

Proc. Natl. Acad. Sci. USA 96 (1999) 385

a HPV1B E1 KA d <
o & &
07
Ei‘_}o Q} Q)\ Q)\Q)
E2F1 S@i @Q’
E2 Binding Ez_.,,_.,,_.,.,.
e R
Candidate q'” Lt
Cdksites ™™ & RS\ Cyclin g - -E2
Y7  Binding = 12345617
Motif Anti-EE beads
b e
GST-CyE/Cdk2: - we—""1 st .‘ﬁ é (9' EE-El + + + +
EE-El: WwT ARA ACdk EE-EVE2 _+ + + +
Input -—-----—--—“-- -El Gst-CyE/Cdk2 + + PR
proteins e - -—w- .....--—-GST CyE Histone H1 LRI R
O0-El oo mmen=mo
El i —— - —— — — -E1l
Complex R ey = = === - GST-CyE o-CyE -e n* -
12 34567 8910111213141516
Anti-EE beads GSH-
beads
C
GST-CYE/CAR2: - ] - ] - ] o Kinase
EE-El:  WT ARA ACdk el Assay
CEUCYE e = -GST-GyE
Kinase — . _.-El
Assay - - - GST-CyE

12345678 910111213

Relative Activity - 7 ;3§¢°<;; [ vAY)

12345678 9101112

FiG. 3.  An RXL motif in E1 is required for association with and phosphorylation by cyclin E/Cdk2. (¢) Domains and positions of candidate
Cdk phosphorylation sites in HPV E1 are shown. (b) Mutations in the RXL motif of E1 abolish association with cyclin E in vitro. Equal quantities
(0.8 pg) of EE-EL1 (lanes 1-5), EE-E14RA (lanes 6-10), and EE-E14Cdk (lanes 11-15) were used for binding with increasing quantities of insect-cell
lysates with or without cyclin E/Cdk2 and bound proteins detected by immunoblotting. To control for levels of input proteins, immunoblots of
reaction mixtures prior to bead washing were performed (Top). (c) EE-E1 (lanes 1-4), EE-E14RA (lanes 5-8), and EE-E12¢d (lanes 9-12)
immobilized on anti-EE beads were incubated with purified cyclin E/Cdk2 (1, 10, and 100 nM, respectively) and [y->*P]JATP (see Materials and
Methods). Products were separated by using SDS/PAGE and transferred to nitrocellulose before immunoblotting (7op) and autoradiography
(Bottom). (d) E1ARA and E14Cdk interact with E2. Anti-EE immune complexes of insect-cell lysates derived from the indicated infections were
separated by using SDS/PAGE and visualized with Coomassie blue. (¢) Immobilized EE-E1 or EE-E1/E2 complexes were assembled with cyclin
E/Cdk2 in vitro and the excess kinase removed before assay in the presence (lanes 5-8) or absence (lanes 1-4) of histone H1. As a control, serial
dilutions of cyclin E/Cdk2 (1-1,000 ng) were used in histone H1 kinase assays (lanes 9-12).

cyclin interaction motif in E1. Interestingly, E1 underwent
partial conversion to a more slowly migrating form reminiscent
of that generated on phosphorylation by Cdks in vitro (Fig. 2)
whereas E14RA did not undergo this shift (Fig. 4c).
Cdk-Mediated E1 Phosphorylation Is Important for HPV
Replication irn Vitro and irn Vivo. To examine whether the
replication defects in E1ARA reflect inefficient phosphoryla-
tion by Cdks, we examined the replication activity of E14Cdk
and variants thereof. When expressed at low levels, the tran-
sient replication activity of E124¢4 was abolished (Fig. 4a),
consistent with a requirement for E1 phosphorylation in HPV
replication in vivo. The triple mutant S8§9A;S93A;S107A and
the single mutant T468A also displayed undetectable activity,
whereas the S107A mutant displayed 15% activity (Fig. 4a).
When expressed at higher levels, E1*ACdk displayed 10%
activity (Fig. 4b) compared with E1* expressed at similar
protein levels (Fig. 4c). Consistent with the absence of phos-
phorylation, E1*2¢ did not undergo a shift to a more slowly
migrating form (Fig. 4c). Recombinant EE-E14¢¢ also dis-
played reduced activity using an E1- and E2-dependent cell-
free replication assay (Fig. 4d). As described previously (19),
plasmid replication generated fast-migrating Form I topoiso-
mers and Form Il open circles, as well as slow migrating 6-form
replication intermediates. The activity of E14¢ was ~15% of

the wild-type protein (Fig. 4d, compare lanes 1-4 to lanes 5,
6, 8, and 9), and this level of activity was not significantly
increased at a higher concentration of the phosphorylation-
deficient E1 protein (Fig. 4d, lanes 7 and 10). Taken together,
our data indicate that the interaction of cyclin/Cdk complexes
with E1 is critical for efficient replication and that one role, but
perhaps not the only role, for cyclin/Cdk complexes in HPV
replication is phosphorylation of E1.

DISCUSSION

An understanding of the mechanisms by which Cdks regulate
DNA replication requires the identification of critical sub-
strates involved in this process. In this study, HPV-18 E1 was
the most frequently recovered cyclin E-interacting protein
from a HeLa cell cDNA library. This interaction extends to the
well characterized replication-competent HPV-11 E1, which
interacts with A-, B-, E-, and F-type cyclins and is phosphor-
ylated by Cdk2 and Cdk3 in vitro (Fig. 2). E1 functions together
with the ori-binding protein E2 to establish the preinitiation
complex (15, 16). Cyclin E can also bind the E1/E2 complex
and in this context can phosphorylate E2 (Fig. 2). Mutations
in the cyclin-binding RXL motif in E1 not only reduced binding
to and phosphorylation by cyclin kinases but also significantly
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FiG. 4. Efficient HPV replication requires an intact cyclin-binding
motif and Cdk-phosphorylation sites in E1. (a and b) HPV replication
assays were performed as described (18, 20). Low molecular weight
DNA was analyzed by Southern blotting using labeled origin plasmid
as a probe to detect the presence of Dpnl-resistant replication prod-
ucts. This probe contains sequences that also hybridize with E1 and E2
plasmids. Blots were quantified by PhosphorIlmager analysis. E1*
reflects the use of pMT2-E1* based plasmids, which express higher
levels of protein and replication activity. (¢) Levels of E1%*, E1*ARA
and E1#2Cdk proteins were determined by immunoblotting with an-
ti-E1 antibodies. (d) Cell-free replication was conducted as described
in Material and Methods and products detected by incorporation of
[@-3?P]dCTP.

reduced E2-dependent HPV ori replication in vivo, suggesting
a role for cyclin kinase-mediated E1 phosphorylation in HPV
replication. Indeed, El-containing mutations in all four Cdk
consensus sites was still capable of binding E2 and cyclin E but
was not phosphorylated and displayed greatly reduced repli-
cation activity in vitro and in vivo (Figs. 3 and 4). After
completion of this work, Cueille et al. (32) reported that
efficient E2-independent replication of a BPV ori plasmid by
BPV El in crude Xenopus lysates correlates with the presence
of cyclin E/Cdk2 and that E1 interacts with Xenopus cyclin
E/Cdk2. However, the significance of this interaction for
replication was not assessed.

How do cyclin/Cdk complexes and E1 or E2 phosphoryla-
tion regulate HPV replication? Given the available data (Fig.

Proc. Natl. Acad. Sci. USA 96 (1999)

2), it is unlikely that the formation of E1/E2 complexes is
regulated by Cdks. It is conceivable that E1 and/or E2
phosphorylation facilitates assembly of higher-order E1/E2
complexes that recognize origins or facilitates their association
with DNA polymerase «/primase (25-27) or replication pro-
tein A (33). Alternatively, phosphorylation may regulate E1’s
helicase activity. In this regard, mutation of the single candi-
date Cdk phosphorylation site in the helicase domain (T*%8)
greatly reduces the replication activity of El in vivo (Fig. 4b).
The finding that cyclin E/Cdk2/E1 complexes retain the
ability to phosphorylate bound E2 and exogenous histone H1
(Figs. 2 and 3d) leaves open the possibility that E1 physically
couples Cdks to other replication components such as RPA
and polymerase « that are known to be phosphorylated by
Cdks and interact with E1/E2 complexes (34, 35). Although
phosphorylation is important for maximal replication effi-
ciency, it is not essential and can be overcome to a limited
extent (=~10%) when E12Cd js highly expressed. We note,
however, that 5- to 10-fold decrease in replication efficiency
would have major ramifications on the establishment phase of
virus infection and subsequent DNA amplification for progeny
production.

Because CIP/KIP proteins also use RXL motifs to bind
cyclins, the interaction of E1 and CIP/KIP proteins with
cyclins would be mutually exclusive. Thus, the use of this
targeting motif by E1 ensures that its associated cyclin kinase
would retain activity toward replication components, thereby
facilitating HPV replication. Conversely, high levels of CIP/
KIP proteins may be expected to compete with E1 for binding
to cyclin E and preclude efficient viral DNA amplification.
Cell-free HPV-11 ori replication is inhibited by the addition of
p21¢™®1 (J. S. Liu, S. R. Kuo, T. R. Broker, and L.T.C.,
unpublished data), reminiscent of that observed with SV40
replication (36). A reciprocal relationship also has been ob-
served in benign HPV lesions in that high copy number of viral
DNA and abundant viral RNA occurs in cells distinct from
those in which p21¢™1 is induced in response to HPV infection
(37).

Subversion of host cell functions has emerged as a major
theme in viral life cycles. Viral genes can function to activate
Cdks either by inducing their expression or by blocking the
action of CKIs while simultaneously inducing a replication-
competent state. Because of the critical roles of cyclin/Cdk
complexes in chromosomal DNA replication, it is not surpris-
ing that viruses have also integrated the action of these
enzymes into their replication pathway. The replication func-
tion of SV40 T antigen also requires specific phosphorylation
by Cdks (38), suggesting that this may be a general feature of
DNA viruses. The use of in vitro HPV DNA replication systems
will facilitate a determination of the step(s) at which cyclin/
Cdk function is employed in the HPV replication process.
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